We discuss the main findings of a long-term research program exploring the consequences of sodium/calcium ion exchange on the macroscopic osmotic and elastic properties, and the microscopic structure of representative synthetic polyelectrolyte (sodium polyacrylate, (polyacrylic acid)) and biopolymer gels (DNA). A common feature of these gels is that above a threshold calcium ion concentration, they exhibit a reversible volume phase transition. At the macroscopic level, the concentration dependence of the osmotic pressure shows that calcium ions influence primarily the third-order interaction term in the Flory-Huggins model of polymer solutions. Mechanical tests reveal that the elastic modulus is practically unaffected by the presence of calcium ions, indicating that ion bridging does not create permanent cross-links. At the microscopic level, small-angle neutron scattering shows that polyacrylic acid and DNA gels exhibit qualitatively similar structural features in spite of important differences (e.g. chain flexibility and chemical composition) between the two polymers. The main effect of calcium ions is that the neutron scattering intensity increases due to the decrease in the osmotic modulus. At the level of the counterion cloud around dissolved macroions, anomalous small-angle X-ray scattering measurements made on DNA indicate that divalent ions form a cylindrical sheath enveloping the chain, but they are not localized. Small-angle neutron scattering and small-angle X-ray scattering provide complementary information on the structure and interactions in polymer solutions and gels.
Introduction
Negatively charged polyelectrolyte gels exhibit a reversible volume transition from the swollen to the collapsed state when monovalent ions are replaced by divalent counterions. [1] [2] [3] [4] [5] In many systems, this transition is abrupt and can be initiated by a small change in the ionic composition of the equilibrium solution. It is also known that such reversible volume changes are common in a variety of biological processes, such as nerve excitation. For example, Tasaki et al. [6] [7] [8] [9] [10] [11] [12] studied nerve excitation from a polymer physics perspective. He argued that electrophysiological processes known as ''nerve excitation and conduction'' are, basically, manifestations of abrupt structural changes in the cortical gel layer of nerve fibers and demonstrated that several aspects of this excitation phenomena could be reproduced using synthetic polyanionic hydrogels.
In neutral polymer gels, phase transition can be induced only by decreasing the thermodynamic quality of the solvent (e.g. by adding a nonsolvent or changing the temperature). However, in polyelectrolytes, addition of salt can also lead to collapse of the polymer chains.
Phase transition of polyelectrolyte solutions and gels has been the subject of many theoretical and experimental studies. [13] [14] [15] [16] [17] The majority of previous works have focused either on the salt-free case or on the effect of monovalent salts. These experiments can be interpreted in terms of the Poisson-Boltzmann model. Relatively, little attention has been paid to the biologically more relevant situation when both mono-and divalent counterions are present.
Previous results show that divalent counterions strongly affect the macroscopic properties (e.g. swelling degree) of polyelectrolyte gels, and above a threshold concentration, these ions lead to a volume transition. [3] [4] [5] 18, 19 However, it is much less understood how divalent/monovalent ion exchange affects the thermodynamic interaction between the polymer and the solvent. Since anionic polymer chains can be linked together by multivalent cations, the observed volume transition in polyelectrolyte systems is frequently attributed to ion bridging between charged groups that are located on neighboring chains. Investigations by small-angle scattering techniques and mechanical measurements can cast light on these questions.
The aim of this article is to explore the effect of calcium ions on the thermodynamic and mechanical properties of polyelectrolyte gels at different length scales and to identify changes in the supramolecular structure of the polymer due to divalent/monovalent ion exchange. We investigate DNA and polyacrylic acid (PAA) gels swollen in NaCl solution in the presence of different amounts of CaCl 2 , using small-angle neutron scattering (SANS) together with mechanical and thermodynamic (osmotic) observations. An attempt is made to separate ion bridging from ion-induced changes in the thermodynamic interactions. We also report anomalous smallangle X-ray scattering (ASAXS) measurements that make it possible to determine the counterion distribution in the ion cloud surrounding DNA molecules. The counterion distribution around DNA is correlated with the macroscopic thermodynamic parameters determined from osmotic pressure measurements.
Experimental
Materials DNA solutions were made from a sodium salt of DNA (Sigma, salmon testes, M w = 1.3 3 10 6 ) in NaCl solution. The percentage of G-C content of this DNA is 41.2%. Different amounts of calcium chloride were added to the DNA solutions. Solutions containing 3% w/w DNA were cross-linked with ethylene glycol dimethyl ether at pH 8.5 in the presence of tetramethylethylenediamine (TEMED). 5 Sodium polyacrylate gels were synthesized with 0.3% w/w by weight of the cross-linker N,N#-methylenebis(acrylamide) in aqueous solution as described previously. 3 The acrylic acid units were first neutralized in NaOH and equilibrated with aqueous solutions of NaCl. In all samples, the pH was 7, where both DNA and PAA are fully dissociated.
Swelling pressure and mechanical measurements
Swelling pressure and mechanical measurements were made by the osmotic stress technique. Gels were equilibrated with poly(vinyl pyrrolidone) (PVP) solutions (molecular weight: 29 kDa) of known osmotic pressure. 20, 21 A semipermeable membrane was used to separate the gel from the polymer solution. After attaining equilibrium (approximately 4-5 days), the concentrations of the polymers were measured in both phases.
The shear modulus of the gels was determined using a TA.XT2I HR Texture Analyzer (Stable Micro Systems, UK). Measurements were performed under uniaxial compression on cylindrical specimens (height: '1 cm, diameter: '1 cm) in equilibrium with salt solutions. The shear modulus G was calculated from the nominal stress, s (force per unit undeformed cross section), using the relation 22
where L (=L/L o , where L and L o are the height of the deformed and undeformed specimen, respectively) is the deformation ratio. Measurements were performed in the range 0.7 \ L \ 1. Volume change and barrel distortion during the mechanical measurements were not observed.
SANS
SANS measurements were made at the National Institute of Standards and Technology (NIST), Gaithersburg, MD, on the NG3 instrument at incident wavelength 8 Å . PAA and DNA gels prepared in D 2 O were placed in sample cells with a 2-mm optical path. The measurements were made at three sample-detector distances: 1.3, 4 and 13 m. This configuration spanned the transfer wave vector range 0.002 Å 21 \ q \ 0.3 Å 21 , where q = (4p/l) sin (u/2), and l and u are the wavelength of the incident radiation and the scattering angle, respectively. After azimuthal averaging, corrections for incoherent background, detector response and cell window scattering were applied. The SANS measurements were made below the threshold calcium ion concentration at which phase separation takes place. All measurements were carried out at 25°C 6 0.1°C. 23, 24 In these measurements, two sets of samples were studied: one containing CaCl 2 and the other SrCl 2 . Since Sr is known to mimic the effects of Ca, the ASAXS results from the Sr ions are taken to represent the same distribution as that of Ca ions in these samples. This substitution was adopted because the absorption edge of Ca (4 keV) lies outside the energy range of the BM2 beam line.
ASAXS

Results and discussion
Effect of sodium/calcium ion exchange on the macroscopic osmotic and mechanical properties
To quantify the consequences of monovalent/divalent ion exchange on the macroscopic properties of the gels, we measured the osmotic swelling pressure and the shear modulus of the PAA and DNA gels as a function of the polymer concentration. Osmotic pressure measurements provide insight into the thermodynamic changes that accompany the ion exchange process. Figure 1 shows the variation of the swelling degree (1/j, where j is the volume fraction of the polymer) of a PAA gel and a DNA gel in 40 mM NaCl solution as a function of concentration of the two divalent salts (CaCl 2 and SrCl 2 ) in the bath with which the gel is in equilibrium. 18, 19 Within experimental error, the response to CaCl 2 and SrCl 2 is identical for each gel. However, although the qualitative behavior of the two gels is similar, their quantitative behavior differs significantly. The PAA gel exhibits a volume transition at approximately 1 mM CaCl 2 concentration. In DNA, the volume transition takes place at lower calcium ion content ('0.25 mM CaCl 2 ) and the volume change is smaller.
The essential characteristic of this calcium or strontium ion-induced volume transition is that in both systems, the collapsed gels always completely reswell as the salt concentration is reduced in the equilibrium bath, that is, the transition is reversible. Figure 2 shows the variation of the mixing pressure U mix of PAA (Figure 2 (a)) and DNA gels (Figure 2(b) ) as a function of the polymer volume fraction j in solutions containing 40 mM NaCl and different amounts of CaCl 2 . Increasing the CaCl 2 concentration progressively reduces P mix in both systems. At a critical threshold concentration, the swelling pressure vanishes and the phase transition commences.
To quantify the effect of calcium ions on the osmotic response, the P mix curves were analyzed in terms of a modified Flory-Huggins model 25
where P sw is the swelling pressure, P el is the elastic pressure, R is the gas constant, T is the absolute temperature, V 1 is the molar volume of the solvent, and x 0 and x 1 are the second-and third-order interaction parameters, respectively. Equation (2) is derived for uncharged gels; in polyelectrolytes, an ion-dependent term must also be included. [26] [27] [28] However, previous experimental studies 3-5,29-32 as well as recent molecular dynamics simulations 17 demonstrated that in the presence of added salt, polyelectrolyte solution behavior can still be described by the Flory-Huggins formalism. The simulations show that under equilibrium conditions approximate cancellation arises between the electrostatic contribution and the counterion excludedvolume contribution to the osmotic pressure. Based on these results, it was shown that a modified form of the Flory-Huggins model for nonionic polymer solutions, which accounts for neither electrostatic effects nor counterion excluded-volume effects, fits both experimental and simulated data for polyelectrolyte solutions. 17 In equation (2), the elastic pressure that counteracts gel swelling can be identified with the shear modulus P el = 2G of the gel. The values of G were determined from independent mechanical (uniaxial compression) measurements.
The insets in Figure 2 show the dependence of x 0 and x 1 on the calcium chloride concentration. The values of x 0 and x 1 were determined from the fits of equation (2) to the osmotic pressure versus polymer volume fraction curves measured at constant CaCl 2 concentrations. In both systems, x 0 is practically unaffected by the calcium ion content. However, x 1 first exhibits a steep rise, and then, a much weaker increase with increasing CaCl 2 concentration, indicating that calcium ions affect primarily the third-order interaction term. The increase in x 1 with CaCl 2 concentration ultimately results in a volume phase transition above a critical threshold value of the divalent salt concentration.
The effect of calcium ions on the elastic response of the gels was determined by measurements of the shear modulus, G. This quantity is proportional to the crosslink density. It also varies with the polymer concentration and hence reflects changes in the thermodynamic interaction between the polymer and the solvent. To separate the contribution of the cross-linking density from that of the thermodynamic interactions, mechanical measurements must be made on gel samples that have the same polymer concentration. To satisfy this requirement is not easy because changes in the polymer-solvent interaction affect the swelling equilibrium concentration. In this study, the polymer volume fraction in the gels was adjusted by the osmotic stress technique, which allows us to finely tune the polymer concentration and make modulus measurements on gels at approximately identical polymer volume fractions. Table 1 lists the values of G for PAA and DNA gels measured at comparable concentrations, with and without calcium chloride. While it is known that certain complex-forming ions, such as copper or cobalt, modify the elastic properties of polyelectrolyte gels, 2,4 the results displayed in Table 1 show that calcium ions do not produce additional ''cross-links.'' The observed small increase in G is the consequence of the decrease in the swelling degree with increasing CaCl 2 concentration. (Note, however, that the present static measurements do not exclude the possibility of temporary bridges of lifetime shorter than the duration of the experiment, since this technique cannot detect them.)
Effect of calcium ions on the organization of polymer chains measured by SANS
To obtain information about calcium ion-induced changes in the organization of polyelectrolyte chains, we made SANS measurements on gels at equilibrium with salt solutions of different concentrations and compositions. Figure 3 shows the SANS signal of PAA and DNA gels swollen in 40 mM NaCl and 100 mM NaCl solutions. Apart from the difference in the scattering intensity due to the different neutron contrast factors of these polymers, the SANS responses are similar. In both systems, a strong increase in I(q) is observed at low values of q. This upturn is a typical feature of polyelectrolyte solutions and gels and is attributed to scattering from clusters of macroions in solution and various types of inhomogeneities. In the low q region, the scattering intensity I(q) can be described by a power law dependence of the form I(q) }q 2m , where 3.2 \ m \ 3.6. This response is characteristic of scattering from very rough surfaces: the outer surface of the inhomogeneities is not smooth. In the high q region, a downward curvature of the intensity is visible due to the finite cross-sectional radius of the polymers. In the case of the DNA double helix, its cross-sectional diameter is '20 Å , while the cross-sectional diameter of PAA is smaller ('5 Å ). The similarity between the shapes of the scattering curves implies that, in spite of differences in chemical composition and flexibility of these molecules, the physical forces that govern the hierarchical organization are the same. It can also be seen that increasing the NaCl concentration from 40 to 100 mM does not change significantly the organization of the polymer chains in these gels.
To distinguish between the structural effects specific to bridging by calcium ions and those that accompany covalent cross-links, Figure 4 shows the influence of calcium ions on the SANS profile of a DNA gel. We see that the addition of calcium chloride does not modify the high q end of the spectrum, that is, the local structure of the molecule is hardly affected. At intermediate length scales, however, the scattering intensity is substantially enhanced. Since this intensity has an osmotic origin, the enhancement extends to the thermodynamic limit q! 0, where I(q) is defined by
I(q = 0) is, of course, not measured directly, since the direct beam is at q = 0: I(q)j q! 0 is found only by extrapolation. In equation (3), A is a contrast factor, k is the Boltzmann constant and ∂U/∂j is the osmotic compressibility. The increase in intensity reflects the decrease in ∂U/∂j with calcium ion concentration as phase separation is approached. In the intermediate q range, the slope of the I(q) versus q curves gradually increases with increasing CaCl 2 concentration and approaches 21, which is a characteristic of rod-like scatterers. This slope is consistent with results obtained for other polyelectrolyte systems. 33, 34 At low q (q \ 0.05 Å 21 ), the invariance of the intensity implies that calcium ions do not significantly affect the large-scale structure. The lowest curve in Figure 4 is that of a DNA solution in 40 mM NaCl, without CaCl 2 . The scattering intensity is weaker in the solution than in the corresponding gel. The cause of the enhanced intensity from the gel is that cross-links create polymer-rich regions, which generate intense scattering at low q. Between these regions, the polymer concentration is depleted and the osmotic modulus is accordingly reduced. Clearly, this feature distinguishes covalent cross-links from calcium ion-induced changes in the organization of the polymer chains.
At large values of q (small spatial scales), the solution and gel curves tend to coincide, indicating that at high resolution the chain geometry is influenced neither by the chemical cross-links nor by the calcium ions.
In summary, the SANS results show that both increasing calcium ion concentration and covalent cross-linking increase the concentration fluctuations. Calcium ions, however, do not significantly affect the larger scale structures, while chemical cross-linking produces static frozen-in inhomogeneities that strongly increase the scattering intensity in the low q region.
Effect of monovalent/divalent ion exchange on the counterion atmosphere
Osmotic measurements indicate that calcium ions interact with the anionic polymer chains and facilitate attractive forces between them. SANS reveals that divalent counterions strongly modify both the thermodynamic interactions and the supramolecular organization of the chains in polyelectrolyte gels. Although osmotic pressure measurements and SANS provide a means of quantifying important consequences of the monovalent/divalent ion exchange process, they provide no information about the distribution of divalent ions in the system.
It is known that X-rays interact with the electrons and that the X-ray cross section of atoms increases monotonically with the atomic number. (This behavior is fundamentally different from neutrons, where the interaction with the nucleus of the atoms exhibits no clear trend with atomic number.) Previously, it has been demonstrated that ASAXS can be used to determine how the counterions are distributed in the ionic atmosphere. 23, 24, 35, 36 ASAXS selectively probes the scattering from the counterions. In this experiment, tuning the energy of the incident radiation close to the atomic absorption edge modifies the scattering contrast between the counterions and the solvent. Far below the resonant energy (absorption edge), the signal is proportional to the atomic number, while just below the edge, the scattering intensity decreases. Close to the edge, the scattering response contains both resonant (energy dependent) and non-resonant (energy independent) terms. Subtraction of one scattering profile from another removes the energy-independent terms. From the difference signal, after appropriate normalization, the spatial distribution of the counterions (resonant atoms) in the ionic atmosphere around the charged polyelectrolyte chains can be determined. We measured the ASAXS difference profiles of Sr 2+ in DNA solutions in 100 mM NaCl at six energies (15.800, 15.984, 16 .056, 16.085, 16.097 and 16.102 keV) below the strontium absorption edge (16.1046 keV). These data were corrected for the q-independent incoherent scattering associated with the fluorescence near the transition. The SrCl 2 concentration varied in the range from 0.011 to 0.111 M (in 0.1 M NaCl). Figure 5 shows typical small-angle X-ray scattering (SAXS) profiles of DNA containing Sr 2+ ions (80 mM SrCl 2 in 100 mM NaCl) at energies close to the absorption edge of the Sr (16.102 keV, red symbol) and far below the edge (15.800 keV, blue symbol). As the absorption edge of the resonant atom is approached, the scattering intensity decreases. The inset in the figure illustrates the anomalous signal DI(q) obtained by subtracting the response at 16.102 keV, just below that absorption threshold of strontium (16.1046 keV), from that at 15.8 keV, far below it. Figure 6 (a) shows DI(q) for three different SrCl 2 concentrations at constant energy of 16.102 keV. The data illustrate that in the low q region, both the intensity of the anomalous scattering signal and the slope of the DI versus q plots gradually increase as Sr 2+ ions replace Na + ions in the ion cloud. This trend mimics the variation of the total scattering intensity I(q) with increasing calcium ion concentration as measured by SANS (see Figure 4 ). The observed behavior is expected through the progressive replacement of Na + ions by Sr 2+ ions. It is noticeable that the position of the steep intensity decrease in the high q region is practically unaffected by the divalent ion concentration. In other words, these data show no evidence of ion-induced structural changes, such as bridging or intermolecular coupling.
In Figure 6 (b), the anomalous scattering response of the DNA sample with 80 mM SrCl 2 is displayed in the Kratky representation (q 2 DI vs q). Kratky plots highlight the higher angle scattering features and yield structural information on shorter length scales. Two fitting curves are shown. The ''solid cylinder'' model (blue dashed curve) yields an estimate of the radius of a cylinder that includes both the DNA double helix and its dressing of Sr 2+ ions in its immediate vicinity r 1 = 15 6 1 Å . An arguably more physically plausible model consists of a ''double cylinder,'' in which the DNA backbone forms an inner cylindrical core of radius r 2 , surrounded by a cylindrical sheath of ions with external radius r 1 (see sketch in Figure 6 (b) and Appendix 1).
With the values r 1 = 14 61 Å and r 2 = 9 6 1 Å , this model gives a fit to the experimental data (red continuous curve) of comparable quality to that of the solid cylinder. Larger values of r 2 , however, give appreciably poorer fits. Although these simple models, which assume smooth geometrical surfaces, must be viewed with caution, the values found imply that the thickness of the Sr 2+ ion cloud surrounding the DNA, approximately 5 6 1 Å , is close to the nominal Debye screening length ('5 Å ). Such a radial constraint does not localize the divalent ions as it permits ion mobility along the polymer chain axis.
The maximum intensity at the peak of the q 2 DI versus q representation may be calibrated with respect to the concentration of Sr ions in the ion cloud. This was done by comparing the total SAXS scattering intensity of DNA solutions containing 0.1 M NaCl and SrCl 2 with that of equivalent DNA solutions containing 0.1 M NaCl and CaCl 2 at the same concentration. Figure 7 shows that the Sr 2+ concentration in the ion cloud gradually increases with the SrCl 2 content of the system and then levels out above 0.06 M SrCl 2 (left axis). Below the condition of saturation, when the DNA is only partially ''coated'' by divalent ions, it behaves as an ion exchanger.
At the molecular level, ASAXS thus indicates that increasing divalent ion concentration results in their accumulation in the proximity of the charged polyelectrolyte, and that they approach the stoichiometric limit. At the macroscopic level in DNA gels, it was found that the main effect of the calcium ions is to reduce the osmotic pressure by modifying the thermodynamic interaction between the polymer and the solvent through an increase in x 1 in equation (2) (see Figure 2 ). To relate these microscopic and macroscopic observations, Figure 7 also displays the variation of x 1 with CaCl 2 concentration for the DNA gels (right axis). The similarity between the two dependences is remarkable. The increase in x 1 closely follows that of the divalent ion concentration in the counterion cloud, implying that the thermodynamics of this system is governed by the composition of the ion cloud accumulated around the DNA strands. (The concentration of divalent ions in a polyelectrolyte gel is much higher than that in the surrounding bath with which it is in equilibrium, due to the electrostatic attraction between the negatively charged backbone and the positively charged counterions. In the polyelectrolyte solution, however, both the polymer and the ions are distributed throughout the whole volume. This accounts for the difference in the concentration scale for the gels and the solutions in Figure 7 .)
In these complex systems, it is known that the counterions screen the repulsive electrostatic interaction, and that the Coulomb attraction between the divalent ions and the negative charges on the polymer backbone may favor pairing between polymer segments belonging to neighboring chains. However, the scattering response in the high q region of the ASAXS measurements reveals no sign of local pairing. Indeed, such local pairing would be unfavorable, since it would reduce the entropy of the divalent ions. Moreover, the absence of measurable increase in the shear modulus indicates that Ca 2+ ions do not affect the static elastic properties of the present gels ( Table 1) . The present results, therefore, bring evidence that the polymer chains are decorated with divalent ions and that the main effect of calcium/ strontium ions is to modify the thermodynamics of the system.
Conclusion
An array of experimental techniques probing a wide range of length scales is applied to investigate the effect of divalent/monovalent ion exchange on the structure and thermodynamic properties of a biopolymer and a synthetic polyelectrolyte gel, namely, DNA and PAA. SANS reveals that the calcium ions increase the concentration fluctuations most visibly in the intermediate wave vector range. Comparison between the osmotic pressure of the uncross-linked solution and that of the corresponding gel shows that cross-linking substantially reduces the osmotic pressure. Increasing the calcium chloride concentration has a similar effect on the osmotic pressure. Chemical cross-linking increases the scattering intensity at intermediate length scales and also generates large-scale structural features that, being static, contribute negligibly to the osmotic pressure. The finding that the macroscopic elastic modulus is practically unchanged in the calcium-containing gels demonstrates that calcium ions primarily affect the thermodynamics of the solution rather than network rigidity. It is evident that the main thermodynamic effect is to reduce the repulsion between neighboring polymer chains. ASAXS measurements made on DNA gels indicate that divalent ions are confined inside a cylindrical sheath enveloping the chain.
The results reported here are consistent with a model in which the calcium ions are free to move along the polymer chain, a situation that can conceivably permit short-lived attractions between negative charges on adjacent chains. The present observations, however, do not support the hypothesis of ''salt bridges.''
